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ABSTRACT
The air-sea UAV is designed to fly, transition into water, and move through water
submerged. It is however subjected to a huge impact force during its transition from air to
sea. This high impact force poses the risk of causing damage to the UAV structure and
components. Therefore, it is very important to carry out quantitative research on
understanding the forces and accelerations involved in the transition process.
Computational fluid dynamics (CFD) was used to develop a method capable of handling
the water entry process. The Fluent software package under ANSYS Inc. was used for the
simulation and computations.
The study considered the center body and the wing body of the UAV separately and
independently. The center body analyses were performed using three dimensional (3-D)
models while the wing body analyses were done with two dimensional (2-D) models. Two
approaches were considered in determining the impact load a body experience during
transition into water: the transition method and the submerged flow method. The transition
method which used a transient-time analysis proved to be reliable, as this method was
validated using experimental data from Nisewanger [27] and Baldwin and Steves [28]. The
steady state analysis of the submerged flow method can quickly provide a useful
understanding of the velocity and pressure distribution over a body submerged in or
transitioning into water. However, the steady state simulation underestimates the drag force
as it does not capture the initial acceleration of the water upon entry. Results from the

xii

submerged flow method, show that a sharp nose center body is more effective in reducing
drag. Computations for the slender body using transition method indicate manageable
impact and drag forces. The study also reveals that wedge shaped leading edges for the
wing body provide reduced impact however they may not be the best when considering lift
in air. This study therefore provides useful reference information for air-sea UAV structural
design and movement conditions.
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CHAPTER 1
INTRODUCTION
In recent years, there has been a growing attention concerning Unmanned Aerial Systems
globally. Unmanned Aerial System (UAS) refers to the all-encompassing system that
makes an Unmanned Aerial Vehicle (UAV) operate, including: the ground control, support
equipment, communications etc. [1]. A UAV is therefore a component of UAS. It is an
aircraft that is remotely piloted without humans onboard. Some examples of UAVs are
drones, the Global Hawk and the Predator XP.

Figure 1.1: Delivery Drones in Operation
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Figure 1.2: An RQ-4 Global Hawk flying

Figure 1.3: Predator XP flying
The UAV industry has seen a huge growth in the global market. The UAV market was
valued at USD 14.3 billion in 2020 [2], USD 27.4 billion in 2021 and projected to reach
2

USD 58.4 billion by 2026 at a compound annual growth rate (CAGR) of 16.4% from 2021
to 2026 [3]. Geographically, North America accounts for the largest size of global UAV
market with the United States having the largest market share. Current data from the
Federal Aviation Administration puts the number of registered drones at 865,607 and
remote certified pilots at 251,322 [4].
The vast potential in UAVs has made them a household name in today’s world. UAV
applications and technological advancements are as also growing at a high pace. UAVs are
being used in various areas such as agriculture for surveying farmland and crop spraying,
in mining for mineral exploration, in public security for locating missing people or suspects
and in the military for providing capability for certain high-risk missions.
Although UAVs are generally designed to be operational only in air, a novel application is
the Air-Sea UAV. The Air-Sea UAV is operational both in air and under water. It is
designed to fly, transition into water, and move through the water submerged. However, a
huge challenge comes with its high-speed transition from air to water because a very high
impact force is experienced at the moment it breaks through the water’s free surface. This
consequently increases the possibility of structural damage and component failure. This
flow problem is complex, involving large free surface deformation, the formation of thin
jets (spray), air entrainment and flow separation. Therefore, understanding the forces and
accelerations involved in this transition is critical to the design of the UAV and its
components.
This study computationally investigated the performance of a UAV undergoing transition
from air to water. The forces and accelerations of the UAV’s fuselage and wing
components associated with the transition process were examined. Computational fluid
3

dynamics (CFD) was used to develop a numerical method capable of handling the water
entry process. The commercial code Fluent under the parent company ANSYS Inc., was
utilized for all simulations covered in this study. The numerical method developed was
validated by comparing the computed transition of a sphere to experimental data from other
researchers. For simplification of the analysis, the study considered the center body and
wing body of the UAV separately and independently. The center body analyses were
performed using 3-D models while 2-D models were used for the wing body analyses.
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CHAPTER 2
LITERATURE REVIEW
Water entry problems have attracted the interest of researchers for over a century with
many experimental, analytical, and numerical studies performed. The first related work
could be attributed to Worthington and Cole [20, 24] which was done in 1897. They studied
splashes and provided a wide range of pictures using high-speed photography. Water entry
problems afterwards had been studied largely in regards to naval engineering.
2.1 Physics of Projectiles Transition into Water
Research related to water entry physics could be divided into two areas: those that focus
on impact force and the others that focus on cavity formation.
2.1.1 Impact Forces on Air-Water Transition
In 1929, Von Karman [17] suggested the first analytical solution to deal with impact loads
caused by water entry. He developed a mathematical solution based on potential flow
theory and proposed an added mass method in calculating the impact load. This added mass
is the mass of fluid that moves with the body during impact. His study contextually was to
provide more understanding into the hydrodynamics of a landing seaplane. Wagner [16] in
1932 proposed a refined method of Von Karman’s solution. Wagner considered the water
entry process as a sequence by considering free surface elevation. He proposed a formula
in calculating the instantaneous pressure distribution of a two-dimensional wedge. Mackie
[23] proposed a fully linear solution for a wedged shaped body entering into water.
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Although a majority of research conducted on water entry has been of a theoretical nature,
experimental studies have made a number of important contributions to the field.
Experiments on water entry typically make use of high-speed photography, to capture the
transition process. Zhao et al. [25] conducted experimental drop tests of ship cross-sections.
The experimental results were used to validate a theoretical method developed for a twodimensional wedge. Tveitnes et al. [26] developed a test rig that drives a wedge section at
a constant velocity. This approach was used to study the wetting factor and drag coefficient
at different deadrise angles. The deadrise angle is the angle between the bottom of a boat
and the horizontal plane. Nisewanger [27] investigated the pressure distribution on a 12
inch sphere experimentally during water entry. Measurements of the pressure and drag
coefficient as a function of time and penetration depth were reported. Baldwin et al. [28]
conducted an experiment similar to that of Nisewanger which was in good agreement. May
[22] likewise conducted a drop test of a sphere but with a focus on the cavity development
while Thomas et al. [9] considered the effect of velocity and density.
The impact force experienced by a body as it hits the water surface is influenced mostly by
the rate of change of momentum of the added fluid mass, which could be related to the rate
of change of the body wetted area [16, 17]. Impact forces are essentially transient in nature
but little work had been done in this regard. May et al. [30] characterized projectile
dynamics proposing a time dependent equation for solving impact force. Wang et al. [31]
on the basis of May’s work, provided more insight into this transient nature of impact force
by simplifying the impact force into three terms: the acceleration, gravity and velocity term.
The gravity term consists of a hydrostatic and dynamic term whose value varies as certain
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conditions are met. Since impact forces are transient, it therefore implies a transient-type
solution would be the best fit for solving them.
Further review of impact force which focuses on the progress made in applying numerical
methods to impact force problems is discussed in section 2.2.
2.1.2 Cavitation due to Air-Water Transition
The study of cavity formation caused by a body in transitioning into water dates back to
the time of Worthington [20, 24]. One phenomenon which often accompanies cavity
formation is cavitation. Cavitation is a phenomenon where the static pressure of a liquid
reduces to a pressure below the liquid vapor pressure resulting to formation of vapor
cavities in the liquid. When an object with a sufficiently large initial velocity encounters a
water surface, an air cavity is formed behind the body [32]. May [22] reported high speed
motion pictures of a 1 in. steel sphere entering into water. The study by May described the
details of cavity formation. Water entry cavity begins with the initial splash; which results
from water on the surface giving way for the entering body. Air is entrained as the body
descends further, at some point the splash which is at a level above the water surface forms
a dome creating a surface seal. The cavity underneath is also forced to close by hydrostatic
forces creating a pinch-off point. Jets of water formed at the pinch-off points travel through
the upper cavity section onto the water surface. Several studies had also presented images
detailing this process [32, 22, 31].
Lee et al. [19] presented an analytical method for modelling cavity formation and collapse
induced by a high-speed projectile entering water. The model postulates that the energy
transferred to the fluid in creating the cavity is equal to energy dissipated by drag on the

7

projectile. Duclaux et al. [34] investigated the collapse of water cavities and characterized
cavity dynamics from its creation to its collapse. Plesset et al. [33] considered the
parameterization of cavities in the development of water entry drag. The cavity produced
during water transition also influences the trajectory of the object [22], this influence is of
interest especially in the military in making water-borne missiles.
Several key factors influencing cavitation in water entry includes the projectile’s properties
(geometry, density, center of mass and wettability), the angle of water entry and the
velocity at the point of impact [32].

2.2 CFD Simulation on air-water transitions
Computational fluid dynamics (CFD) is a numerical methodology for solving the
governing equations of fluid flow. The governing equations of fluid flow are partial
differential equations; when discretized on a mesh, they transform into algebraic equations
which can be solved by a finite-difference or finite-volume algorithm [5].
The advancement of computers over the years has led to more robust CFD techniques that
could solve complex water impact problems. CFD approaches based on the solution of the
Navier-Stokes equations (NSE) for free surface flows have shown to be robust. The
advantage of these NSE methods is they that they are generic, so that intricate details of
the free surface deformation, formation of jet like flows and flow separation can be
simulated. The challenge in solving the NSE for water entry is locating the interface
between water, air and solid surface. This challenge is resolved by incorporating the
Volume of Fluid (VOF) algorithm or some other free surface tracking methods.
8

Kleefsman et al. [6] investigated the two-dimensional (2-D) water impact problem for
wedge and the three-dimensional (3-D) impact problem for a cone using the VOF method.
The study provided much confidence about the use of the VOF method. Fairlie-Clarke et
al. [7] also used the VOF with finite volume discretization to track the free surface for
simulating the constant velocity water entry of 2-D wedges with various deadrise angles.
Shen and Wan [10] simulated water entry of a sphere on Open FOAM using the VOF and
dynamic mesh method and presented the variations in forces and displacement of the
sphere. Abraham et al [21] studied the impact force experienced by a sphere using the finite
volume method (FVM) on ANSYS CFX.
Several other CFD techniques have also been used, Zhu et al. [11] used the Constrained
Interpolation Method (CIP) to track the free surface in order to study the water entry and
exit of horizontal cylinders. The impact force variation was reported for water entry at free
fall and constant velocity. Zhang et al. [12] used the level set method to predict the
slamming coefficient of a cylinder at water entry. The method proved to be in good
agreement with experimental data. Aquelet et al. [13] simulated water entry for wedges
using the Finite Element Method (FEM) coupled with the Arbitrary Lagrangian Eulerian
(ALE) formulation. The pressure distribution and force were reported and compared with
theoretical values of Wagner [16]. Maruzewski et al. [14] investigated a sphere impacting
water using Smoothed Particle Hydrodynamics (SPH) which is a meshless method
validating the force coefficient with experimental data. Yan et al. [15] performed both an
experimental and a numerical investigation on water entry forces on an AUV. The
numerical method which was based on a coupled FEM and SPH formulation, produced
predictions in good agreement with the experimental results.
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An extensive review on water entry dynamics and its application on hull slamming was
carried out by Serge [8], the study covered a wide range of techniques that had been used
over the years in water entry problems.
2.3.1 Turbulence Modelling
All flows encountered in engineering practice ranging from two-dimensional pipe flows or
flat plate boundary layers to more complicated three-dimensional flows become unstable
above some certain conditions. The complexity in terms of the pressure and velocity
gradients surrounding a body entering into water requires accurate representation of the
flow. As noted earlier, this modelling involves the use of CFD. The major turbulence
modelling methods are shown in Figure 2.1 with their level of resolved scales shown.
The computational demands decrease from top to bottom; Direct Numerical Simulation
(DNS) has the highest computational demands, Reynolds-Averaged Navier-Stokes
(RANS) the least. DNS and Large Eddy Simulation (LES) are computationally expensive.

Figure 2.1: The major Turbulence Modelling Methods [18]
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The RANS method divides flow quantities into a fluctuating and mean part. This averaging
over all turbulent scales means that the RANS method drastically lowers computational
demands. A typical RANS model simply uses an estimate for the eddy diffusivity. RANS
has proven to be an excellent method when an appropriate RANS turbulence model is used.
In this study the computation is time dependent, so the URANS method was selected.
URANS is simply the unsteady form of RANS in which the flow variables are a function
of space and time. The RANS k-ε turbulence model was used for the study.
The literature on the water entry problem has shown that the use of URANS method is both
a practical and accurate approach to investigate the transition of a rapid moving body from
air to water. The present investigation focuses on the air to water entry problem for a fastmoving UAV. However, developing a well resolved computational model, in space and
time, for a complex three-dimensional shape is highly computationally intensive.
Therefore, the current approach has focused on developing sub-order models of twodimensional wings and three dimensional but axisymmetric center bodies. This approach
with sub-order models has allowed a more rapid investigation of variables of interest like
the impact force, pressure distribution and acceleration.
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CHAPTER 3
METHODOLOGY
The computational approach developed to model the water entry problem of an air to water
transition for a UAV is described in this chapter. The background material developed in
chapter two provided a conceptual understanding of the water entry problem and indicated
suitable simulation tools to model this complex flow field. In this chapter the CFD
simulation of a spherical aluminum body will be described. The aim of this analytical
development is to develop a valid simulation setup capable of accurately resolving the flow
dynamics that happen as an object makes transition from air to water. This validation study
would serve as a proper foundation for subsequent simulation in this project.
The Verification and Validation study is described in section 3.1 while the approach taken
for the simulation setup of Air-sea UAV in transition is described in section 3.2.

3.1 VERIFICATION AND VALIDATION STUDY
The experimental investigation carried out by Nisewanger [27] is used as case study to
ascertain the validity of present simulation approach. The experiment was done in one of
U.S. Naval Ordinance test station, Nisewanger investigated the pressure distribution on a
0.305 m (12 in.) aluminum sphere as it enters into water at a constant speed of 7.163 m/s
(23.5 fps). The total vertical force was computed using the pressure distribution, and from
that the non-dimensional impact force was plotted as a function of penetration depth.
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Baldwin and Steves [28] also conducted similar research, their results were in good
agreement with Nisewanger’s. A similar numerical validation study had been performed
by Pengyao et al. [29] but with the STAR-CCM+ commercial software.
CFD ANALYSIS
The Fluent software package under ANSYS was used for the simulation, it’s a C based
analysis software [35]. The software makes use of finite volume method for its
discretization in solving the fluid governing equations. A time dependent realizable k-ε
turbulence model with a scalable wall function was used to simulate the transition of the
sphere from air to water.
Domain geometry
The computational domain for the numerical model is shown in Figures 3.1 and 3.2. The
side surfaces and the bottom surface were spaced sufficiently away from the sphere to
avoid convergence problems and an unrealistic solution. The radius of the sphere is 0.1524
m.
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Figure 3.1: Domain Geometry of Sphere Water Entry

Figure 3.2. Domain Geometry Side View of Sphere Water Entry
14

Mesh Generation
A dynamic mesh was used for the mesh generation around the sphere within the domain.
A dynamic mesh can be described as the meshing process where the mesh is not fixed but
re-updates itself when certain conditions are met. The rigid body can move from one
location in the mesh to another. The dynamic mesh for this study and consequently all other
similar simulations in this project utilizes a two-interior-boundary approach and has nonuniform element size. Figure 3.3 shows the deformation occurring in the mesh at an
arbitrary time t. The two-interior-boundary was created by making the interior boundary
face in close proximity to the rigid object a stand-alone boundary space. This method
proved to produce a more reliable solution because this approach makes the mesh in close
proximity to the solid body unchanging. The mesh’ nodes and elements that make up the
rigid body do not change which reduces the variation of results thereby providing another
layer of grid independence.

Figure 3.3 Mesh Deformation at time t = 0 (left) and t >0 (right)
This approach came about as a way to solve the problem of negative volumes that
frequently occurs in a typical dynamic mesh. As the leading edge of the solid body moves,
it compresses the cells in close proximity to it. If one of such cell collapses unto itself
15

before remeshing is activated, a negative volume occurs leading to the divergence of the
solution.
Table 3.1: Mesh Properties of Sphere Water Entry CFD
Parameter

Value/Method

Mesh type

Unstructured, Non-uniform

Element types
Volume

Tetrahedral

Interior-1 Size

1e-01 m

Interior-2 Size

3e-02 m

Growth rate

1.2

Advanced size function

Adaptive Sizing

Relevance center

Fine

No. of Elements

95548

No. of Nodes

137693

Figure 3.4: Sphere Water Entry Mesh (sectioned)
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Boundary and Operating condition
The fluid domain is essentially a box as seen in Figure 3.1 above. The side surface and the
bottom surface were set as walls. The sphere is also set to as a wall. As explained in the
mesh section, the larger sphere is a part of the fluid region. The top surface is set as a
pressure outlet with a volume fraction of one for air to water because only the air medium
interacts with this pressure outlet boundary.
Table 3.2: Boundary and Operating condition specified in the domain
Flow Parameters

Values

Operating Pressure (𝑃∞ )

101325 kPa

Operating Temperature (𝑇∞ )

288 K

Air density

1.225kg/m3

Water density

998

Initial Velocity of sphere

7.163 m/s

Turbulence intensity (Tu)

5%

Material

6061 Aluminum alloy

Aluminum density

2071

The table above shows the essential operating conditions. The operating pressure and
temperature were values at sea level.
Solver and Setup
The pressure-based solver was selected along with the Volume of Fluid (VOF), which was
used to solve the volume fraction of air to water. Equations 3.1 to 3.3 were used in
determining the mass and the area moment of inertia of the sphere which are requisite data
in creating a dynamic simulation that captures six degrees of freedom.
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The Semi-implicit method for pressure-linked equations (SIMPLE) was selected for
coupling the pressure and velocity field in the solution scheme. The Second Order Upwind
differencing approach was selected for the spatial discretization as this would produce a
more accurate result. Cell register was used to assign regions in the domain that would
serve as water. Standard initialization with an initial Y velocity of 7.163 m/s was used to
initialize the solution and a time-step of 1e-05 s was used.
4

Ɐ = 3 π𝑅3

(3.1)

m = ρⱯ

(3.2)

2

𝐼 = 5 m𝑅2

(3.3)

The center of gravity for this case is point zero in all axes since the sphere was created with
its center being at the point of origin.
Convergence Study
First, the convergence plot was observed to provide information on how closely the
residual values like continuity and velocity, meet the convergence criteria. The
convergence criteria for this case was set to 1e-06. This means that for the solution to
converge in each timestep, the difference between the residual values of two consecutive
iterations must be equal to or less than 1e-06.
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Figure 3.5: Convergence Plot of Sphere Water Entry
Validation Results
The simulation results are compared with the experimental data of Nisewanger [27] and
Baldwin and Steves [28]. The total vertical force in the form of the drag coefficient (3.4)
is plotted against the normalized penetration depth (3.5).
𝐶𝐷 =

𝐷

(3.4)

1
𝜌 𝑉2𝐴
2 ∞

𝐷∗ = 𝐷𝑝 /𝑅

(3.5)
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Figure 3.6: Comparison Plot of Sphere Water Entry

This comparison showed that the drag coefficient simulated in this study agrees reasonably
well with experimental results. The peak drag for the simulation is 5% greater than the
experimental value. Thus, the approach used for the simulation is capable of handling
objects undergoing air to water transition. The figure below shows the contour plot of how
the sphere transitions into water.
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t = 2 ms

t = 4 ms

t = 6 ms

t = 8 ms

t = 2 ms

t = 2 ms

Figure 3.7 : Ball Position at Different Time Instants
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3.2

SIMULATION OF AIR-SEA UAV

The validated model approach is applied to simulate the transition of the Air-sea UAV from
air to water. To simplify the analysis of the UAV, the UAV was divided into two body
sections
1. Center body: This section is otherwise called the fuselage. It accommodates the
bulk of the UAV weight and also provides the structural connection for the wing
and tail assembly. This part of the UAV accounts for most of the drag.
2. Wing body: This section is essentially airfoils stacked together and attached to the
side of the fuselage. They are the main lifting surface that supports the UAV in
flight.
CFD ANALYSIS SETUP
The simulations considered were of two broad cases; a system where the body was fully
submerged in water and a system where the body transitioned vertically downward from
air to water. The steady-state condition was set for the fully submerged body simulation
while the other case was carried out using transient-state condition. The steady state
analysis of a submerged body can quickly provide a useful understanding of the velocity
and pressure distribution over a submerged or transitioning body into water. However, the
steady state simulation does not include the initial acceleration of the fluid which can cause
a significant increase in the initial impact force on the vehicle. This impact acceleration is
particularly significant for blunt edge regions.
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The conical nose model, elliptical nose model, NACA 0012, and the wedged NACA airfoil
were simulated using the submerged flow method while the UAV slender body, elliptical
leading edge and the wedged leading edge were simulated using the transition method.
Domain geometry
Center body: Three different models were considered for the center body; an
axisymmetric body with conical nose, an axisymmetric body with an elliptical nose, and
lastly a slender body with similar lines with the actual UAV. The conical nose body has a
half angle of 15°, the elliptical nose body on the other hand has an ellipse ratio of 3.2: 1.
The figures below describe the various models. The detailed dimensions could be found in
the appendix section.

Figure 3.8: Conical Nose Model
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Figure 3.9: Elliptical Nose Model

Figure 3.10: Domain Geometry of Nose Models
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Figure 3.11a: Slender Body Model

Figure 3.11b: Domain geometry of Slender body
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In addition to the above models, the 2-D models describing the longitudinal section of the
axisymmetric bodies were also considered. They will be referred to as wedged leading edge
and elliptical leading edge since the 2-D model is planar not axisymmetric.

Figure 3.12: Domain Geometry of Elliptical Leading Edge
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Figure 3.13: Domain Geometry of Wedged Leading Edge

Wing body: Two airfoils were considered; NACA 0012 airfoil and a wedged-type NACA
0012 airfoil. The coordinates for the NACA 0012 was gotten from airfoil online database
[36], the wedge has a half angle of 15°. The computational domain was two-dimensional
in space.
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Figure 3.14: NACA 0012 Airfoil

Figure 3.15: Wedged NACA 0012 Airfoil
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Figure 3.16: Domain Geometry of Airfoils

Mesh Generation
Elliptical Nose Center Body: This mesh has an element size 4e-01 m away from the body,
an element size of 3e-02 m adjacent to the body, and an inflation layer with a first layer
height of 2e-06 m. The mesh is largely uniform. The mesh has 1,756,021 elements and
334,709 nodes. Figure 3.17 shows that the mesh is less than perfect at the tip as it deforms
to a sharp edge.
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Conical Nose Center Body: The computational domain away from the body has an
element size of 4e-01 m and largely uniform. A sphere of influence was created around the
body with an element size set at 3e-02 m and an inflation first layer height of 2e-06 m. This
mesh has 565,194 nodes and 2,993,421 elements.
UAV Slender body: This mesh is a two-interior-boundary mesh. The region away from
the slender body has an average element size of 3e-01 m, the slender body region has a
finer mesh of element size 1e-01 m, face sizing of 2e-02 m, and an inflation layer with first
height of 1e-02 m. It has a total of 1,916,361 elements and 2,883,509 nodes.
This mesh was made fine but with an element size reasonable enough as not to produce
negative volumes as it changes. The table shows some important properties of this mesh.
Table 3.3: Mesh Properties of UAV Slender Body
Parameter

Value/Method

Mesh type

Unstructured

Element types
Volume

Tetrahedral

Element Order

Quadratic

Adaptive Sizing

No

Growth rate

1.1

Advanced size function

Proximity and curvature

Relevance center

Fine
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Elliptical Leading Edge: The mesh is of element size 4e-02 m, an inflation layer first
height of 3e-03 m and also edge sizing with 40 divisions. The mesh has 309,670 elements
and 626,324 nodes. Figure 3.20 shows details of this mesh. Observe the two different colors
in the mesh. These colors show that the mesh is a two-interior-boundary mesh.
Wedged Leading Edge: The element size for this mesh is 4e-02 m, the edges that
described the rigid body have an edge sizing with a division of 40 and an inflation layer
first height of 3e-03 m. This fine mesh has 312461 nodes and 159814 elements. Figure
3.21 shows the zoomed-in mesh at the leading edge.
NACA 0012 Airfoil: The mesh for the airfoil was very fine with boundary layer of first
height 1e-06m. The mesh size around the airfoil was 4e-03m and the region farther from
the airfoil was 1e-01m. It had 325500 elements and 177315 nodes. The mesh is
unstructured and largely uniform.
Wedged NACA 0012 Airfoil: The mesh for this geometry is similar to that of the airfoil
above but with a mesh size of 3e-03m around the airfoil. It has 448305 elements and
251719 nodes. The mesh is unstructured and largely uniform.
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Figure 3.17: Elliptical Nose Mesh
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Figure 3.18: Conical Nose Mesh
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Figure 3.19: Slender Body Mesh
34

Figure 3.20: Elliptical Leading Edge Mesh
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Figure 3.21: Wedged Leading Edge Mesh
36

Figure 3.22: Airfoil Mesh (Zoom-in)

Figure 3.23: Wedged Airfoil Mesh (Zoom-in)
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Boundary and Operating conditions
The boundary and operating conditions are similar depending on whether the simulation
was for a fully submerged body or for a body undergoing transition. As stated earlier, fully
submerged cases have a fixed mesh which is not changing while time dependent cases have
a dynamic mesh.
Submerged case: The wing body and the 3-D models of the center body were simulated
using the steady state submerged flow method. With reference to Figure 3.10, the flow in
and out of the system was set by using pressure inlet and pressure outlet boundary
conditions on the left and right respectively. The rest of the surfaces were set to walls. The
domain was large enough to take care of any instability in the computations. The velocity
of the flowing water was fixed by setting the total pressure and gauge pressure using
equation 3.6
𝑃𝑜 = 𝑃𝑠 + ½ρV 2

(3.6)

Transition case: The slender body and the 2-D models describing the center body were
simulated using the time-dependent air to water transition method. Using Figure 3.11b as
reference, the top surface is set as a pressure outlet, the rest of the domain surfaces are set
as walls. There is an interior boundary that encloses the rigid body, this enclosure is part
of the fluid region. The rigid body is set as a wall with a default material of 6061 Aluminum
alloy.
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Solver and Setup
Submerged case: The steady state submerged case computation uses a pressure based
solver. The fluid was set as liquid water, and the default material for the rigid body was
6061 Aluminum alloy. The Semi-implicit method for pressure-linked equation (SIMPLE)
was selected for the solution scheme, Second Order Upwind was used for the spatial
discretization in order to obtain a more accurate result.
Transition case: The solver and setup for this analysis is similar with that setup used in
the validation study However, since the rigid bodies concerned here are irregular,
SOLIDWORKS and INVENTOR were used in determining the mass, center of gravity and
area moment of inertia.

Convergence Study
Convergence study provides another layer of confidence about the validity of the
simulation. The convergence plot allows the monitoring of the residual errors in the
computation. The figures below show the convergence history for each simulation
conducted.

39

Figure 3.24: Elliptical Nose Convergence Plot

Figure 3.25: Conical Nose Convergence Plot
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Figure 3.26: Slender Body Convergence Plot

Figure 3.27: Elliptical Leading Edge Convergence Plot
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Figure 3.28: Wedged Leading Edge Convergence Plot

Figure 3.29: NACA 0012 Airfoil Convergence Plot
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Figure 3.30: Wedged NACA 0012 Airfoil Convergence Plot
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CHAPTER 4
RESULT AND DISCUSSION
This chapter presents the computational results of the air to water transition of the center
body and wing shapes. Section 4.1 presents the air to water transition of the two wing
leading edge designs as well as the air to water transition of the streamlined center body.
Section 4.2 presents the results of the elliptical nose, conical nose and the two NACA airfoil
fully submerged in water. Section 4.3 discusses the comparison between two cases
considered.
4.1

TRANSITION CASE

Comparisons of Leading Edge Designs
The shape of the elliptical and wedged leading edge are shown in Figure 4.1. The major
thickness for both designs is 1.095e-01 m. The ellipse used for this design has a ratio of
3.2:1, while the wedge leading edge has a half angle of 15°. The wedged leading edge was
developed by making a pointed edge from the elliptical leading edge. The major length for
the elliptical leading-edge design is 2.06 m and that of the wedge shape is 2.35 m. The
simulation was set up with the model having an initial velocity of 50 m/s and a distance
0.096 m away from the water free surface. The assumed mass for the elliptical and wedged
leading edge was 541 kg and 553 kg respectively. The time step resolution used for this
simulation is 2e-05 s.
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Figure 4.1. Leading Edge Model: Elliptical (left) and Wedged (right)

The vertical force otherwise known as the impact force and the drag coefficient
experienced by the elliptical and wedged leading edge are shown below in Figure 4.2 and
Figure 4.3.
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Figure 4.2. Impact Force Comparison on Leading Edge Designs
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Figure 4.3. Drag Coefficient Comparison on Leading Edge Designs

One of the aspects of the impact force is that the water is initially at rest. Consequently, the
water needs to immediately accelerate to accommodate the entry of the leading edge into
the water. The elliptical leading edge requires that more water is accelerated abruptly.
Therefore, this abrupt acceleration leads to a huge rise in the initial impact pressure and
force. Alternatively, less fluid needs to be accelerated abruptly for the wedge shape leading
edge. This phenomenon can be observed from the drag coefficient plot, with the wedged
leading edge drag coefficient being about a quarter of the elliptical leading edge.
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There are two peaks from the wedged leading-edge model as opposed to just one from the
elliptical leading-edge model. The first peak is related to the abrupt acceleration of the
water as the wedge breaks the surface, the second peak is related to the increase in the area
of the wedge shape as it enters the water.
Figures 4.4 and 4.5 refer to the velocity and acceleration profile respectively. The
acceleration profile was developed from the numerical differentiation of the velocity data
points. The initial abrupt decrease in velocity for the elliptical leading edge is associated
with the initial acceleration of the water upon leading edge entry. The slowing of the
acceleration is due to the establishment of the flow field around the body. The wedge
shaped leading edge requires less water to be abruptly accelerated due to the much smaller
leading edge but the acceleration increases due to the increasing area of the surface moving
into the water.
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Figure 4.4. Leading Edge Velocity Profile Comparison

Figure 4.5. Leading Edge Acceleration Profile Comparison
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The static pressure distributions around the bodies as they move into water are shown
below in Figures 4.6 and 4.7. The scale of the two plots are different. A body making a
transition into water experiences a very high pressure as it breaks through the water surface.
The high initial pressure produces the force necessary to accelerate the water around the
leading edge. As the velocity of the water on the surface rises, the pressure drops below
the cavitation pressure. At this point, the water separates from the surface allowing a cavity
to form in the water. This produces water cavity and the process is called cavitation.
The blue line shows the pressure distribution around the body at the point of impact, the
orange line following this blue line shows the pressure distribution at a normalized distance
of about 0.04 and so on. Water has a cavitation pressure of 3.2 kPa at standard temperature
and pressure. Therefore, locations with pressure below 0 Pa on each line can be attributed
to the area where cavitation occurs on the body.
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Figure 4.6. Pressure distribution around the Elliptical Leading Edge Model as it moves
further in water
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Figure 4.7. Pressure distribution around the Wedge Leading Edge Model as it moves
further in water

The models’ position at different time instants as it transitions into water are shown below,
Figure 4.8 and Figure 4.9 describe the elliptical leading edge and wedge shaped leading
edge respectively. The blue area is the air region while the red area in the figures is the
water region.
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t = 2 ms

t = 20 ms

t = 38 ms

t = 8 ms

t = 26 ms

t = 44 ms

t = 14 ms

t = 32 ms

t = 50 ms

Figure 4.8. Position of Elliptical Leading Edge Model at different time instants
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t = 2 ms

t = 8 ms

t = 20 ms

t = 26 ms

t = 38 ms

t = 44 ms

t = 14 ms

t = 32 ms

t = 50 ms

Figure 4.9. Position of Wedged Leading Edge Model at differennt time instants
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UAV Slender Body
The slender body design was made with similar lines to the actual UAV. The length of the
body is 3.58 m. The nose is made conical with a half angle of 20°. The nose section
smoothly transitions to the center section which is of 4.88e-01 m maximum diameter. This
diameter is situated 1.536 m from the front. The UAV slender body assumed to weigh 988
kg. Further details on the dimensions are presented in Appendix C.
The impact force and the drag coefficient experienced by the body are shown in Figure
4.10 and Figure 4.11 respectively. The drag coefficient is the dimensionless force, which
is useful in describing how much of a resistance a body encounters in moving through a
fluid. The trough region in the plot coincides with the section with maximum diameter.

Figure 4.10. Impact Force encountered by UAV Slender Body
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Figure 4.11. Drag Coefficient Plot of UAV Slender Body

The velocity profile is linear and downward sloping, indicating the acceleration for the
body is fairly constant. The streamline body shape is the cause of this phenomenon, as
there is a smooth transition from the conical nose to the mid-section and finally to the endsection of the slender body.
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Figure 4.12. Velocity profile as Slender Body enters water

Figure 4.13. Acceleration Profile as Slender Body enters water
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Further information on the Slender body is shown in Figures 4.14 and 4.15. The pressure
distribution shown in Figure 4.14, describes the pressure around the slender body as it
moves further down into water. The section of maximum pressure is at the nose section of
the slender body, strong cavitation is observed further away at the mid-section of the body.

Figure 4.14. Pressure distribution around the UAV Slender Body as it moves further in
water
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Figure 4.15. Pressure Contour at a normalized depth of 0.72 (color spectrum limited to
range -3e05 to 4e05 Pa)
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Figure 4.16. Snapshot of UAV Slender Body as it descends
60

4.2

SUBMERGED FLOW CASE

The development of a true time dependent water transition simulation is difficult and
computationally very intensive. Consequently, the initial investigation of this problem
involved determining the immersed flow around a body and estimating the drag force based
on the expected wetted area before cavitation. Water separates from the surface of a body
at the point of cavitation, leaving the body exposed to the atmosphere. The static pressure
experienced by the body from this point of cavitation to its end is therefore atmospheric.
This distribution of pressure is then used to calculate the drag coefficient.
This type of analysis however does not account for the abrupt acceleration of the water at
the initial water entry.
Comparison of Center Body Design
Figure 4.17 shows the pressure contour on the surface having an elliptical nose while
Figure 4.18 shows the pressure contour with the conical nose. The stagnation point, which
is the point experiencing the highest pressure is at the nose tip. The values represented here
are not smoothly resolved around the curvature and this is because of the deformation
created due to the meshing process. A sharp nose tip instead of a curved one was created,
thus the flow is quickly diffusing away from the nose tip. Looking closely at the zoomedin mesh (Figure 3.17 and Figure 3.18), this is observed. Nevertheless, the pressure on the
coarse surface elements is expected to be representative of the integrated curvature of the
model.
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Figure 4.17. Pressure Contour of Elliptical Nose Model

Figure 4.18. Pressure Contour of Conical Nose Model
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The drag coefficient is the dimensionless drag, shown in Figure 4.20, which is useful in
describing how much of a resistance a body encounters in moving through a fluid. The
drag was calculated using equation 4.1 and the drag coefficient using equation 3.4.
𝑦2

𝐷 = ∫𝑦1 𝑃𝑠 . 2𝜋𝑦 𝑑𝑦

(4.1)

Figure 4.19. Pressure Coefficient Comparison of Nose Models
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Figure 4.20. Drag Coefficient Comparison of Nose Models
The drag coefficient distribution was plotted with respect to the body length. As initially
pointed out, the pressure beyond the point of separation was set to atmospheric pressure of
101325 kPa. The drag coefficient of the elliptical leading edge just before the separation
was 1.29e-01 and for the conical leading edge it was 1.05e-01. The maximum
dimensionless drag could be seen to be 1.7e-01 for the elliptical and 1.4e-01 for the conical
nose center body.

Comparison of Wing Body Designs
Figure 4.21 and Figure 4.22 presents the pressure contours around the NACA 0012
symmetrical airfoil and the wedged leading edge airfoil. The contours show the relatively
high pressure at the leading edge but also the smooth variation of pressure along the
surface.
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Figure 4.21. Pressure Contour of NACA 0012 Airfoil

Figure 4.22. Pressure Contour of NACA 0012 Wedged Airfoil

The plot describing the geometry of the NACA 0012 airfoil and the airfoil with a wedge
could be observed in Figure 4.23. The plot is scaled differently in the vertical axis with
each unit representing 1e-02 m.
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Figure 4.23. Comparison of geometries for the standard NACA 0012 airfoil and similar
airfoil with a wedged shape leading edge

A comparison between the pressure coefficient distribution for the standard NACA 0012
and the wedge shaped leading edge is presented in Figure 4.24. The pressure quickly drops
at the leading edge for both airfoils. The wedged airfoil provided room for the flow to
gradually accelerate when compared to the normal NACA 0012 airfoil. This therefore
produced a reduced initial pressure drag in water. However, this wedged design creates
some aerodynamic issues such as a more abrupt stall point and a lower peak lift coefficient.
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Figure 4.24. Pressure Coefficient Comparison of Airfoils

Figure 4.25. Drag Coefficient Comparison of Airfoils
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The drag coefficients for both airfoils are compared as could be seen in Figure 4.25. The
maximum drag coefficient was estimated as 1.23e-01 and 8.33e-02 for the NACA airfoil
and wedged airfoil respectively.

4.3 TRANSIENT APPROACH AND SUBMERGED FLOW APPROACH
COMPARISON
Comparing the axisymmetric center body to the UAV slender center body; the drag
coefficient determined from the submerged case approach largely underestimates the initial
drag as it does not capture the initial acceleration of the water upon entry.
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CHAPTER 5
SUMMARY AND CONCLUSIONS
A numerical model (CFD) has been developed to investigate the high velocity transition of
streamlined bodies, including 2-D wing shapes and an axisymmetric center body, from air
to water. A body centered mesh was needed to enable the transient computations in order
to eliminate the negative volumes which can arise due in the dynamic mesh during the
transition process. The model is validated by the comparison of the computed drag
coefficient to the experimental data by Nisewanger [27] and Baldwin and Steves [28]. The
drop test which measured the impact force of a 1 in. diameter aluminum spherical ball
entering into water with a velocity of 7.163 m/s was simulated using ANSYS Fluent. The
result of the simulation agreed reasonably well experimental results.
The study considered two approaches in estimating the impact load a body encounters
during transition into water; the transition method and the submerged flow method. The
transition method which used a transient-time analysis proved reliable, as this method was
validated. The study under this method provided relevant information about the force of
impact as well as important flow phenomena like the cavitation growth. The steady state
analysis of the submerged flow method can quickly provide a useful understanding of the
velocity and pressure distribution over a body submerged in or transitioning into water.
However, the steady state simulation does not include the initial acceleration of the fluid
which can cause a significant increase in the initial impact force on the vehicle. The absence
of this initial acceleration resulted in lesser drag estimation with this method.
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The CFD simulations for the 3-D center body using the submerged flow method, indicate
a sharp nose as more effective in reducing drag. Calculations for the Slender body using
the transition method indicate manageable impact and drag forces which can be improved
on with a sharper and less steep nose section.
Streamlined wings with a rounded leading edge are known to provide improved lift
characteristics over a range of angles in air. However, the results for this study show that
wedge-shaped leading edges provide reduced impact and drag forces upon water entry for
the wing body. The wedged and elliptical leading-edge models can be representative of the
wing body; their solutions show that the wedged leading edge drag is about 25% of the
elliptical leading edge.
The mesh in all simulations considered could be made finer, but that would require more
computational resources to generate timely solutions.
Future Studies
Mesh independence study should be considered when carrying out the validation study in
order to ascertain the consistency of the validation results.
This study considered a flow where the object is perpendicular to the water surface on
water entry. This orientation is a good starting point to analyze using the method described
in this report. However, it is expected that the strength of water waves could vary the body
inclination at water entry, investigating for different angles of inclination could be
considered.
A numerical study on the full body UAV could be performed to provide a better
understanding of its performance at different conditions. One reason for this full body study
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is that cavitation would be occurring at two locations on the body; the nose and on the
wings.
Research shows that having disturbance preceding a body transitioning into the water helps
reduce impact force. Rasfan et al. [37] considered impact reduction by consecutively
allowing two spheres to enter water. The impact force on the second sphere was reduced
by the cavity created by the first by about 78%. However, if the second sphere encounters
a collapsing cavity, a larger force of impact is encountered. Simulation of a modified
leading edge geometry to reduce the impact force, could be considered.
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APPENDIX A
ELLIPTICAL NOSE MODEL DIMENSION
All of the units for the dimension are presented in meters

Figure A.1 Elliptical Nose Model Dimensions
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APPENDIX B
CONICAL NOSE MODEL DIMENSION
All of the units for the dimension are presented in meters

Figure B.1 Conical Nose Model Dimensions
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APPENDIX C
UAV SLENDER BODY MODEL DIMENSION
All of the units for the dimension are presented in meters

Figure C.1 UAV Slender Body Model Dimensions
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